Apoptosis is commonly associated with DNA digestion, but it remains controversial as to which endonuclease is involved. The ability of zinc to inhibit DNA digestion in intact cells, and inhibit a Ca 2+ /Mg 2+ -dependent endonuclease in cell lysates, has been used frequently to suggest this is the endonuclease involved. However, zinc has many other effects on cells, and here it is shown that zinc also prevents many upstream events in apoptosis. These studies were performed in human ML-1 cells following incubation with etoposide. During apoptosis, these cells undergo intracellular acidification, increased accumulation of Hoechst 33342, DNA digestion and chromatin condensation. Zinc inhibited all of these events. An upstream event in apoptosis is activation of ICE/CED-3 proteases which is commonly observed as proteolysis of a substrate protein, poly(ADP-ribose) polymerase (PARP). The ICE/CED-3 proteases are themselves activated by proteolysis, and this was detected here by cleavage of one family member CPP32. Zinc prevented cleavage of both CPP32 and PARP. We recently demonstrated that dephosphorylation of the retinoblastoma susceptibility protein Rb was a marker of an event even further upstream in apoptosis; zinc was also found to inhibit Rb dephosphorylation. Therefore, zinc must protect cells at a very early step in the apoptotic pathway, and not as a direct inhibitor of an endonuclease.
Introduction
DNA fragmentation is probably a ubiquitous event in apoptosis, although the extent of fragmentation may vary between systems. In some systems, DNA fragmentation appears to be limited to 300 or 50 kilobase fragments, whereas in many systems, DNA fragmentation results in multimers of *180 base pairs due to internucleosomal digestion of the chromatin-bound DNA (Walker et al, 1995) . Whatever the extent of DNA digestion, identification of the endonucleases involved will facilitate understanding of the regulation of apoptosis. Many reports have suggested that the endonuclease is dependent upon Ca 2+ and Mg 2+ for activity and a variety of such endonucleases have been identified including deoxyribonuclease I (Peitsch et al, 1994) and cyclophilin (Montague et al, 1994) . However, there are many examples of cells that do not exhibit the required increase in Ca 2+ during apoptosis, or do not contain such an endonuclease. In our studies of apoptosis, we have identified deoxyribonuclease II which is active at decreased intracellular pH . Furthermore, we have established that intracellular acidification consistently occurs during apoptosis Morana et al, 1994; Li and Eastman, 1995; Reynolds et al, 1996a) . Recently, the occurrence of this intracellular acidification during apoptosis has been confirmed by other investigators Rebello et al, 1995) .
Although many endonucleases have been identified, their presence alone is inadequate to implicate them in apoptosis in intact cells, particularly when many cells express multiple endonucleases simultaneously. Zinc has been used frequently to implicate Ca 2+ /Mg 2+ -dependent endonucleases in apoptosis (Duke et al, 1983; Cohen and Duke, 1984; Ribeiro and Carson, 1993; Hughes and Cidlowski, 1994) . Zinc is a well-known inhibitor of apoptosis in intact cells and also inhibits the Ca 2+ /Mg 2+ -dependent endonuclease in cell lysates. In contrast, deoxyribonuclease II is not inhibited by zinc . We have previously expressed concern that zinc is not a specific inhibitor of the Ca 2+ /Mg 2+ -dependent endonuclease but can have many other effects on cells (Eastman, 1993 (Eastman, , 1994 Morana et al, 1994) . In this regard, we have reported that zinc can inhibit intracellular acidification in addition to DNA digestion (Morana et al, 1994) .
Much recent evidence has focused on the identification of proteases of the ICE/CED-3 family that appear essential to the induction of apoptosis (Miura et al, 1993; Kuida et al, 1995; Tewari et al, 1995) . Over-expression of these proteases will induce apoptosis, while inhibitors prevent apoptosis. These proteases are themselves activated by proteolytic cleavage. The intracellular activity of this protease family can also be assessed by the cleavage of an endogenous protein, poly(ADP-ribose) polymerase (PARP) (Lazebnik et al, 1994) . We have recently established a temporal order of events in apoptosis in which dephosphorylation of the retinoblastoma susceptibility protein Rb occurs upstream of cleavage of PARP, DNA digestion and apoptosis (Morana et al, 1996) . In the current experiments, we show that zinc prevents all of these events, demonstrating that the protective action of zinc is upstream of both Rb dephosphorylation and activation of ICE/CED-3 proteases and not at the level of an endonuclease. Hence, zinc can not be used to implicate any specific endonuclease in apoptosis, but may be of value in dissecting the upstream pathways of apoptosis.
Results
Many lymphoid cells undergo DNA digestion and apoptosis rapidly following a variety of insults. Human ML-1 cells show chromatin condensation, DNA fragmentation and intracellular acidification within 4 h after a 30 min incubation with the topoisomerase II inhibitor etoposide (Morana et al, 1994 (Morana et al, , 1996 . This time period has been used for the studies reported here. ML-1 cells were induced to undergo apoptosis with 20 mg/ml etoposide, and zinc sulfate was then added at various concentrations during the subsequent incubation. Partial inhibition of DNA digestion was observed at 0.1 mM zinc, whereas a concentration of 1 mM zinc produced almost complete inhibition of DNA digestion (Figure 1, top panel) .
To determine the number of cells undergoing apoptosis, cells were analysed by flow cytometry for increased fluorescent staining with Hoechst 33342. A number of reports have shown that apoptotic cells accumulate Hoechst 33342 at an increased rate, and this can be assessed by a short incubation (55 min) with the dye (Dive et al, 1992; Ormerod et al, 1993; Li and Eastman, 1995) . Simultaneously, cells were analysed for intracellular pH with the pH-sensitive fluorescent ratio dye carboxy SNARF-1. The results are visualized as a bivariate plot in which Hoechst fluorescence is shown on the ordinate and intracellular pH (expressed as the emission ratio of 545/ 640 nm) is shown on the abscissa (Figure 2 ). Interestingly, we have found that these two fluorescent dyes detect exactly the same population of cells and, as a result, the combination of dyes helps to discriminate otherwise overlapping populations (Li and Eastman, 1995; Morana et al, 1996; Reynolds et al, 1996b) . The normal cells appear in the lower left quadrant and the majority of apoptotic cells in the upper right quadrant; the number of apoptotic cells is recorded in each panel.
Following incubation of cells with etoposide, 51% of the cells exhibited decreased intracellular pH (increased 585/ 640 ratio), and this population clearly exhibited enhanced Hoechst fluorescence (Figure 2 ). The addition of 1 mM zinc eliminated the appearance of this population of cells. A concentration of 0.1 mM zinc reduced the number of acidic cells to 16% consistent with the partial inhibition of DNA digestion. This flow analysis was performed while the extracellular pH was maintained at 7.1, leading to an intracellular pH of 7.15 in the normal cells and 6.5 in the apoptotic cells.
Morphological changes detectable by staining with acridine orange were also investigated for each of these conditions. Control samples consistently showed less than 5% apoptotic cells whereas etoposide treatment induced chromatin condensation in 30 ± 41% of the cells; the addition of 1 mM zinc to etoposide-treated cells reduced this value to 7.3% (average of three separate experiments). Hence, zinc was able to prevent apoptosis as assessed by chromatin condensation, increased Hoechst fluorescence and intracellular acidification, and this protection occurred at the same concentrations that also prevented DNA fragmentation.
We next determined whether zinc prevented cleavage of PARP. In undamaged cells, PARP electrophoreses as a single protein of 116 kDa (Figure 1 ). Following incubation with etoposide, a new species appeared at 85 kDa as expected from the activation of an ICE/CED-3 protease. This cleavage of PARP was inhibited above 0.1 mM zinc which was the same concentration range that prevented DNA digestion. This result demonstrates that the protection afforded by zinc is either at or upstream of ICE/CED-3-mediated proteolysis. To determine whether zinc inhibited the activation of ICE/CED-3 proteases, we investigated one family member, CPP32, whose activation can be judged by cleavage of the precursor 32 kDa. 17 kDa ( Figure 1 ); this represents a catalytically active fragment (Schlegel et al, 1996) . Incubation of cells with zinc prevented the cleavage of CPP32 at the same concentrations that prevented DNA digestion. Hence it appears that zinc protects cells by inhibiting the activation of at least one ICE/CED-3 family member.
We recently demonstrated that the retinoblastoma susceptibility protein Rb is dephosphorylated during apoptosis, and that this occurs upstream of the activation of ICE/CED-3 proteases (Morana et al, 1996) . In undamaged ML-1 cells, Rb electrophoresed predominantly as a single hyperphosphorylated species (Figure 1 ). Following incubation with etoposide, a faster migrating band was observed that reflects the hypophosphorylated form of Rb. Above 0.1 mM zinc, this dephosphorylation of Rb was inhibited consistent with the concentrations that prevented DNA digestion. These results demonstrate that the protection afforded by zinc operates at or upstream of the phosphatase/kinase imbalance responsible for Rb dephosphorylation.
Discussion
Apoptosis is commonly associated with DNA digestion but many endonucleases exist which could be responsible . Zinc can inhibit a Ca 2+ /Mg 2+ -dependent endonuclease in cell extracts, as well as inhibiting apoptosis in intact cells. This fact has been used frequently to suggest the involvement of a Ca 2+ /Mg 2+ -dependent endonuclease in apoptosis (Duke et al, 1983; Ribeiro and Carson, 1993; Hughes and Cidlowski, 1994) . However, we have previously shown that zinc can prevent DNA fragmentation in cells that appear to lack a Ca 2+ /Mg 2+ -dependent endonuclease, as well as inhibit intracellular acidification, suggesting that the action of zinc does not implicate any particular endonuclease in apoptosis (Morana et al, 1994) . In this paper, we have further investigated the protection afforded by zinc.
The recent observations that proteases of the ICE/CED-3 family are involved in apoptosis led us to determine whether the protection afforded by zinc was upstream or downstream of this proteolysis. PARP is commonly cleaved during apoptosis and it has been established that this can be mediated by the CPP32/Yama/apopain isoform of this protease family (Tewari et al, 1995; Nicholson et al, 1995) . Other members of the ICE/CED-3 family may also be capable of cleaving PARP, but the prototype isoform ICE appears incapable in this regard (Lazebnik et al, 1994) . Therefore, we assessed the cleavage of PARP as a marker for the activation of one of these proteases during apoptosis. The results showed that the cleavage of PARP correlated with the appearance of DNA digestion and chromatin condensation, and that zinc prevented DNA digestion, chromatin condensation and proteolytic cleavage of PARP. We also showed that CPP32 was cleaved to its active form during apoptosis and that zinc prevented this activation.
CED-3 was first identified as a protease essential for programmed cell death in C. elegans ). Subsequently, it was shown that specific inhibitors of ICE/ CED-3 proteases inhibit both cleavage of PARP and DNA digestion, confirming that activation of an endonuclease is downstream of an ICE/CED-3 protease in apoptosis (Tewari et al, 1995; Nicholson et al, 1995; Kuida et al, 1995) . The observation that zinc inhibits CPP32 cleavage demonstrates that its action is at or upstream of the activation of this protease.
In related studies, we have shown that the retinoblastoma susceptibility protein Rb is dephosphorylated during apoptosis (Morana et al, 1996) . Similar results have been reported in another system (Dou et al, 1995) . Furthermore, this dephosphorylation was inhibited by several protein phosphatase inhibitors including okadaic acid and calyculin A (Morana et al, 1996) . These inhibitors also prevented proteolysis of PARP, DNA digestion and chromatin condensation. The fact that zinc inhibited dephosphorylation of Rb suggests that its protective action is mediated at or upstream of the protein phosphatases and kinases responsible for Rb phosphorylation status. These experiments are beginning to establish a temporal relationship between a variety of regulators of apoptosis; specifically, a protein phosphatase activates an ICE/CED-3 isoform that subsequently leads to DNA digestion. This temporal order does not obviate the possibility that many intervening steps may occur between each of these events.
The target for the protective action of zinc is still unknown, but the results presented here demonstrate that it effectively inhibits dephosphorylation of Rb, as well as cleavage of CPP32 and PARP. Given the temporal relationship between these events, we hypothesize that zinc functions to prevent the activation of ICE/CED-3 proteases via its ability, directly or indirectly, to modify a protein phosphatase or kinase whose activity is reflected in the dephosphorylation of Rb. As discussed above, activation of ICE/CED-3 proteases has been established as a cause rather than a consequence of DNA digestion, and therefore zinc can protect cells at a very early step in the apoptotic pathway. It remains possible that zinc inhibits multiple steps in the apoptotic pathway, including direct inhibition of an endonuclease. However, since zinc clearly inhibits the pathway at an early step, the additional inhibition of an endonuclease is unnecessary for zincmediated protection. Therefore, the question of which endonuclease is invovled in apoptosis can not be resolved on the basis of sensitivity to zinc.
Materials and Methods

Materials
Carboxy-SNARF-1 AM was obtained from Molecular Probes (Eugene, OR). Other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO). Cell culture supplies were purchased from Gibco/BRL (Grand Island, NY). The G3-245 anti-Rb antibody was purchased from Pharmingen (San Diego, CA), and the C-2-10 monoclonal antibody to poly(ADP-ribose) polymerase was a gift of Dr. Guy Poirier (Laval University Hospital, Quebec). The CPP32 polyclonal antibody was obtained from Dr. Donald Nicholson (Merck Frosst, Pointe ClaireDorval, Quebec).
Cell culture
ML-1 myeloid leukemia cells were maintained in 5% CO 2 at 378C in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin. All cultures were maintained in logarithmic growth at a density 51610 6 cells/ml. Cells were incubated with etoposide for 30 min after which they were centrifuged, washed twice and resuspended in completed medium without drug. Zinc sulfate was added only for the 4 h incubation period following removal of etoposide.
DNA fragmentation assay
DNA digestion was measured by agarose gel electrophoresis as previously described Eastman, 1995) . Briefly, 10 6 cells were added directly to the wells of a 2% agarose gel, where they were lysed and digested with ribonuclease A and proteinase K. The gel was electrophoresed for 16 h, and the DNA was stained with ethidium bromide and visualized under ultraviolet light. In this method, high molecular weight DNA (420 kilobase pairs) remains trapped in or near the well, while smaller fragments (down to 180 base pairs) are resolved in the gel.
Acridine orange staining
Chromatin condensation in apoptotic cells was assessed by staining with acridine orange, while membrane integrity was measured simultaneously by exclusion of ethidium bromide (Duke and Cohen, 1992) . A 25 ml aliquot of cells in medium was stained by addition of 1 ml of a stock solution of 100 mg/ml acridine orange plus 100 mg/ml ethidium bromide in phosphate buffered saline. A minimum of 200 cells were scored under a fluorescence microscope for apoptotic morphology.
Flow cytometry
For the measurement of intracellular pH, cells were loaded for 1 h with 1 mM carboxy SNARF-1 acetoxymethyl ester, and analyzed on a Becton-Dickinson FACStar Plus¯ow cytometer with excitation at 488 nm and emission measured at 585 nm and 640 nm Eastman, 1995) . Cells were maintained at 378C in complete medium including bicarbonate during analysis. The pH measurements were obtained by ratioing the¯uorescence emissions at the two appropriate wavelengths, and comparing to a pH calibration curve.
Apoptotic cells were also detected by staining with Hoechst 33342. This dye is thought to preferentially stain apoptotic cells due to very early changes in membrane permeability (Ormerod et al, 1993) . Cells were incubated with 1 mg/ml Hoechst 33342 for 5 min and analyzed on the flow cytometer with excitation at 355 nm and emission measured at 440 nm. In the experiments shown here, cells were stained with carboxy SNARF-1 for 55 min followed by the addition of Hoechst 33342 for 5 min prior to simultaneous analysis of the fluorescence of both dyes.
Western blotting
For analysis of PARP, 10 6 cells were lysed by sonication on ice in 100 ml of lysis buffer (50 mM Tris-HCl, pH 6.8, 4 M Urea, 5% bmercaptoethanol, 2% SDS). 40 ml of this lysate was electrophoresed on a 6% polyacrylamide/SDS gel (Miniprotean II; Bio-Rad, Hercules, CA). The proteins were electroblotted to a polyvinylidene fluoride membrane (Immobilon-P, Millipore, Marlborough, MA), and blocked in TBSTM (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween-20, 5% (w/v) Nonfat Dried Milk) for 2 h at room temperature. The membranes were probed with an anti-PARP mouse monoclonal antibody (C-2-10) diluted 1:10,000 in TBSTM. The goat anti-mouse secondary antibody (Bio-Rad) was diluted 1:3000 in TBSTM, and immunoreactivity was detected with the enhanced chemiluminescence detection kit (ECL, Amersham, Arlington Heights, IL).
For analysis of Rb, 10 5 cells were lysed in 100 ml of 50 mM TrisHCl (pH 6.8), 2% SDS, 0.1% bromophenol blue, 10% glycerol, 0.1% bmercaptoethanol; 20 ml of this total cell lysate was electrophoresed in a 6% polyacrylamide/SDS gel. Proteins were electroblotted to membranes, blocked with 1% bovine serum albumin, and probed with anti-Rb mouse monoclonal antibody at a dilution of 1:1000. The goat anti-mouse secondary antibody was diluted 1:2000 and followed by ECL.
CPP32 was analysed by lysing 10 6 cells in lysis buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 2 mM N-ethylmaleimide); 40 ml of this lysate was electrophoresed on a 12% polyacrylamide/SDS gel. Proteins were electroblotted to a membrane, blocked in TBSTM, and probed with anti-CPP32 antibody in TBSTM diluted 1:10,000. The goat anti-rabbit secondary antibody was diluted 1:3000 in TBSTM and detection was by ECL.
